Ternary rare earth antimonates Ln 3 SbO 7 (Ln = rare earths) were prepared and their structures were determined by x-ray diffraction measurements. They crystallize in an orthorhombic superstructure of cubic fluorite (space group Cmcm for Ln = La, Pr, Nd; C222 1 for Ln = Nd ~ Lu), in which Ln 3+ ions occupy two different crystallographic sites (the 8-coordinated and 7-coordinated sites). Their magnetic properties were characterized by magnetic susceptibility and specific heat measurements from 1.8 to 400 K. The Ln 3 SbO 7 (Ln = Nd, Gd -Ho) compounds show an antiferromagnetic transition at 2.2 ~ 3.2 K. Sm 3 SbO 7 and Eu 3 SbO 7 show van Vleck paramagnetism. Measurements of the specific heat down to 0.4 K for Gd 3 SbO 7 and the analysis of the magnetic specific heat indicate that the antiferromagnetic ordering of the 8-coordinated Gd ions occur at 2.6 K, and the 7-coordinated Gd ions order at a furthermore low temperature.
Introduction

Compounds of the general composition
ions, cation ordering occurs on the metal sites and the oxide-vacancy orders on the anion sites. Rossell first determined the crystal structure of La 3 NbO 7 [1] . It was well described in the orthorhombic space group Cmcm: The M 5+ ion is coordinated with six oxygen ions, forming a MO 6 octahedron. These octahedra share corners forming one-dimensional chains which are oriented along the c-axis. Although the space group for the La 3 NbO 7 now turned out to be Pnma [2] , the space group Cmcm has been applied for many Ln 3 MO 7 compounds . For some compounds such as Ln 3 TaO 7 (Ln = Y, Sm -Ho) [20] [21] [22] 24] and Ln 3 MoO 7 (Ln = La -Nd, Sm, Eu) [27] [28] [29] [30] , the space groups C222 1 and P2 1 2 1 2 1 have been applied, respectively.
Due to this unique crystal structures and possible related magnetic properties, many studies have been performed, especially for the magnetic properties of compounds containing Ru 5+ ion at the M-site because of its largest possible spin (S = 3/2) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Another topic for Ln 3 MO 7 is that detailed magnetic and thermal investigations on the ruthenium-, iridium-and osmium-containing members of the Ln 3 MO 7 family show low-temperature structural phase transitions [9-11, 13, 14, 19, 26, 29, 31] .
As for M = Sb compounds, a series of [34] . They adopted the space group C222 1 for the two compounds. However, no atomic coordinates were presented for any of the compounds. A possibility of magnetically frustrated system was noted for Ho 3 SbO 7 and Dy 3 SbO 7 through magnetic susceptibility measurements. However, no systematic study on the crystal structure and magnetic properties of Ln 3 SbO 7 has been carried out.
In this study, we successfully prepared a series of Ln 3 SbO 7 from Ln = La to Lu. Through X-ray diffraction measurements, their crystal structures were determined. In order to elucidate magnetic properties and to check the existence of the phase transition in the Ln 3 SbO 7 series, their magnetic susceptibility measurements from 1.8 to 400 K and the specific heat measurements from 0.4 to 400 K were performed. 
Experimental
Sample preparation
X-ray diffraction analysis
Powder X-ray diffraction profiles were measured using a Rigaku Multi-Flex diffractometer with
Cu-Kα radiation equipped with a curved graphite monochromator. The data were collected by stepscanning in the angle range of 10°  2θ 120° at a 2θ step-size of 0.02°. The X-ray diffraction data were analyzed by the Rietveld technique, using the programs RIETAN2000 [35] .
Magnetic susceptibility measurements
The temperature-dependence of the magnetic susceptibility was measured in an applied field of 0.1 T over the temperature range of 1.8 K T 400 K, using a SQUID magnetometer (Quantum Design, MPMS5S). The susceptibility measurements were performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The former was measured upon heating the sample to 400 K under the applied magnetic field of 0.1 T after zero-field cooling to 1.8 K. The latter was measured upon cooling the sample from 400 to 1.8 K at 0.1 T.
Specific heat measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 0.4-400 K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon for better thermal contact.
Results and discussion
Preparation and crystal structure
Except for Ln = Nd, all the Ln 3 SbO 7 compounds (Ln = La, Pr, Sm-Lu) were obtained as a single phase. Figure 1 shows the powder X-ray diffraction profiles for La 3 SbO 7 and Sm 3 SbO 7 . Any of these diffraction patterns are similar to that for the fluorite structure and all reflections appeared to be consistent with the C-centered condition, h + k = 2n.
As described in the Introduction section, many space groups have been applied for the structure of However, some extra reflection peaks which should be observed with the Pnma were not observed in the X-ray diffraction profile of La 3 SbO 7 . For the X-ray diffraction profiles of Ln 3 SbO 7 (Ln = Sm ~ Lu), there exist many very weak h0l reflections with odd l (see Fig. 1 (b) ), which could not be indexed based on the Cmcm. In addition to this, the C-centering extinction condition ruled out other space groups such This value is equal to the bond length calculated from the Shannon's ionic radii [36] . Figure 5 shows the temperature dependence of magnetic susceptibility of Pr 3 SbO 7 . Paramagnetic behavior was observed down to 1.8 K, i.e., no magnetic interaction was found in the experimental temperature range. In the inset, the reciprocal magnetic susceptibility was plotted against temperature.
Paramagnetic behavior
The susceptibility follows the Curie-Weiss law in the temperature range between 200 and 400 K.
Magnetic susceptibility measurements for other Ln 3 SbO 7 compounds also show that Ln = Sm, Eu, Er, Tm, and Yb compounds exhibit paramagnetic behavior down to 1.8 K. The effective magnetic moments (μ eff ) and Weiss constants (θ) are determined in the temperature range between 200 and 400 K, and they are listed in 
Magnetic ordering
Magnetic transitions have been observed for Ln = Nd, Gd-Ho compounds. Their transition temperatures are also listed in Table 3 . Figure 7 shows the temperature dependence of the magnetic susceptibility of Gd 3 SbO 7 . An antiferromagnetic transition has been observed at 2.6 K, and there is no divergence between the ZFC and FC susceptibilities below this temperature.
Gd 3 SbO 7
In order to obtain the information about the low-temperature magnetic behavior, specific heat measurements were performed down to 0.4 K. Figure 8 shows the temperature dependence of the specific heat (C p ) divided by temperature (C p /T) for Gd 3 SbO 7 . A specific heat anomaly has been observed at 2.6 K, which corresponds to the results by magnetic susceptibility measurements. Below this temperature, the specific heat increases with decreasing temperature, indicating the existence of another magnetic anomaly below 0.4 K. To evaluate the magnetic contribution to the specific heat (C mag ), we have to subtract the contribution of lattice specific heat (C lat ) from the total specific heat (C mag = C p -C lat ). The lattice specific heat was estimated by using the data for a diamagnetic compound La 3 NbO 7 (the solid line of Fig. 8 ). The magnetic specific heat below 0.4 K was extrapolated by the relation C mag ∝ T 3 from the spin-wave model for the antiferromagnet [38] (the dotted line of Fig.   8 ). From the temperature dependence of the magnetic specific heat, the magnetic entropy change for Gd 3 SbO 7 (S mag ) is calculated by the relation S mag =  dT
. Its temperature dependence is also shown in Fig. 8 . The total magnetic entropy change is ~ 50 J/mol K, and this value is close to 3R ln8 = 51.9 J/mol K. The results indicate that all the Gd 3+ ions contribute to the antiferromagnetic transition and that the ground state of the Gd 3+ ions is still eight-degenerate ( 8 S 7/2 ) without crystal field splitting.
As shown in Fig. 8 , it is difficult to divide the magnetic entropy data into two anomalies.
However, it is clear that the magnetic entropy change due to the magnetic anomaly at a lower temperature is larger than that at a higher temperature (2.6 K). In the Gd 3 SbO 7 , the Gd 3+ ions occupy two crystallographyic sites, the 8-coordinated Gd(1) site (4b) and 7-coordinated Gd(2) site (8c), with the 1:2 ratio. Therefore, we believe that the magnetic transition at 2.6 K is due to the antiferromagnetic ordering of the 8-coordinated Gd(1) ions and that the magnetic anomaly at the lower temperature (T < 0.4 K) is ascribable to the magnetic interactions of the 7-coordinated Gd(2) ions, i.e., Gd 3+ ions occupying the 4b and 8c sites individually order in the Gd 3 SbO 7 compound. Similar "two-step" magnetic transitions have been found for Ln 3 TaO 7 (Ln = Nd, Tb) [24] and Ln 3 NbO 7 (Ln = Nd, Tb) [39] .
Dy 3 SbO 7
The temperature dependence of the magnetic susceptibility of Dy 3 SbO 7 is shown in Fig. 9 .
A clear antiferromagnetic transition has been observed at 3.2 K. The inset of Fig. 9 shows the reciprocal susceptibility versus temperature curve and the Curie-Weiss fitting. For this compound, specific heat measurements were also performed down to 0.4 K. The specific heat divided by temperature (C p /T) is shown in Fig. 10 . A clear λ-type specific heat anomaly has been observed at 3.2 K, at which the magnetic susceptibility shows antiferromagnetic behavior. The magnetic specific heat was estimated by subtracting the contribution of the lattice specific heat from the total specific heat in the same way as is the case for Gd 3 SbO 7 . The magnetic entropy change is calculated from the specific heat data by using [34] , there is no appearance of magnetic frustration. Figure 11 shows the temperature dependence of magnetic susceptibility of Nd 3 SbO 7 , indicating the antiferromagnetic transition at 3.0 K. In addition, another magnetic anomaly was observed at 2.5 K. No divergence between ZFC and FC susceptibilities was found below these transition temperatures. This is due to the fact that two phases of Nd 3 SbO 7 possibly have different Neel temperatures.
Summary
Rare earth antimonates Ln 3 SbO 7 (Ln = Nd, Gd -Ho) show an antiferromagnetic transition at 2.2 ~ 3.2 K. Measurements of the specific heat down to 0.4 K for Gd 3 SbO 7 indicate that the 8-coordinated Gd ions antiferromagnetically order at 2.6 K and with furthermore decreasing temperature, the 7-coordinated Gd ions show a magnetic anomaly, i.e., the magnetic moments at the two crystallographic sites order individually. Note. Space group Cmcm; a = 11.1300 ( Sm ( 
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